Objective: To evaluate the feasibility of minimally invasive transapical beating heart aortic valve implantation (TAP-AVI) for high-risk patients with aortic stenosis. Methods: TAP-AVI was performed via a small anterolateral minithoracotomy in 50 patients from February 2006 to March 2007. A balloon expandable transcatheter xenograft (Edwards SAPIEN TM THV, Edwards Lifesciences, Irvine, CA, USA) was used. Mean age was 82.4 AE 5 years and 39 (78%) were female. Implantation was performed in a hybrid operative theatre using fluoroscopic and echocardiographic visualization. Average EuroSCORE predicted risk for mortality was 27.6 AE 12%. Seven (14%) patients were re-operations with patent bypass grafts. Results: TAP-AVI (13 patients 23 mm and 37 patients 26 mm) was successfully performed on the beating heart under temporary rapid ventricular pacing in 47 (94%) patients, and implantation was performed completely off-pump in 34 (68%) patients. Three patients required early conversion; two of them were successfully discharged. There was no prosthesis migration or embolization observed. Echocardiography revealed good hemodynamic function in all and minor incompetence in 23 patients, mostly paravalvular, without any signs of hemolysis. Mortality was due to the overall health condition and non-valve related in all patients. Actuarial survival at 1 month, 6 months and 1 year was 92 AE 3.8%, 73.9 AE 6.2% and 71.4 AE 6.5%, respectively. Conclusions: Transapical minimally invasive aortic valve implantation is feasible using an off-pump technique. Good results have been achieved in the initial 50 patients, especially when considering the overall high-risk profile of these patients. #
Introduction
Aortic stenosis is the most frequently acquired heart valve lesion, usually occurring in the elderly and commonly caused by a degenerative, calcific pathology. Surgical valve replacement has become the gold standard therapy for these patients, with more than five decades experience, as reflected in recent guidelines [1] . Good perioperative and long-term outcomes after conventional valve replacement have been proven by data from national databases as well as by multiple longitudinal studies [2] [3] [4] [5] [6] [7] [8] . In addition, good outcomes have recently been published regarding octogenarians with 30-day mortality rates between 9% and 10% [9] [10] [11] [12] .
Despite guideline recommendations, there may be patients that are not being referred for surgical intervention, because of high-risk profiles that are presumed prohibitive for conventional surgery [13] . However, nonsurgical management of these high-risk patients also portrays a grave prognosis [14] . Therefore, there is a need to further develop minimally invasive strategies to adequately treat high-risk patients with symptomatic aortic stenosis. Minimization of periprocedural risk may be accomplished by avoiding conventional sternotomy and by performing off-pump beating heart aortic valve implantation. Transfemoral (TF) and transapical (TAP) approaches have recently been introduced into clinical practice using the CoreValve TM (CoreValve, Paris, France) and the Edwards Sapien TM (Edwards Lifesciences Inc., Irvine, CA, USA) prostheses.
In this context the aim of the present study was to analyze the results of the initial 50 patients receiving TAP aortic valve implantation (AVI) at a single center.
Material and methods

Inclusion criteria and patient enrolment
Fifty consecutive patients with symptomatic, severe aortic stenosis and high perioperative risk were included in this study between February 2006 and March 2007. Inclusion criteria were patient age !75 years and an increased perioperative risk profile as defined by !9 points according to the EuroSCORE risk calculator. In addition the patients needed to meet 'technical' inclusion criteria, which included an aortic annulus diameter of 24 mm as measured on transthoracic and transesophageal echocardiography. This allowed for systematic oversizing of the implanted prosthesis. Patients with an aortic annulus diameter of 21 mm received 23 mm and patients with an aortic annulus diameter between 22 and 24 mm received 26 mm prosthesis, respectively. All referred patients suitable for the transapical approach according to the previously mentioned inclusion criteria were screened and judged for conventional surgery as well. During the study period, a total of 33 moribund patients were denied any therapy. All other patients who met the inclusion criteria were accepted into the study. Extensive discussions of all available therapeutic options were presented to each patient and their family members. All patients gave informed consent. The study protocol was approved by the local ethics committee (registration number 226-2005).
Patient characteristics
All patients included had a high perioperative risk profile with a mean mortality risk score of 27.6 AE 12.2 according to the logistic EuroSCORE and of 15.8 AE 9.1 according to the STS scoring system. Detailed patient characteristics are demonstrated in Table 1 . Other contributing risk factors are listed in Table 2 . Four patients were in a critical preoperative state, all with severely decompensated aortic stenosis. In addition, polycythemia and leukemia (1), cardiac decompensation with inotropic support (1), severe respiratory dysfunction with scoliosis and bilateral phrenic palsy (1) and extreme obesity with a body mass index of 44.1 (1) were each encountered as well.
Transcatheter aortic valve
All patients received a pericardial xenograft fixed within a stainless steel, balloon expandable stent (Edwards SAPIEN TM THV, Edwards Lifesciences, Irvine, CA, USA). Immediately prior to implantation, the valve was rinsed and crimped upon the balloon catheter under sterile conditions in the operative theatre. Additional details have been previously published [15] .
Perioperative setup and valve implantation
All procedures were performed in a hybrid operating theatre, as demonstrated in Fig. 1 . All patients were treated under general anesthesia using short-acting intravenous medications, with the intention of early extubation, if possible. Each patient was positioned supine with the left chest slightly elevated anteriorly. Our most recent protocol consists of percutaneous insertion of a femoral venous guidewire and a 6 Fr femoral arterial sheath to ensure femoral access in case of emergency cannulation for cardiopulmonary bypass (CPB). A pigtail catheter was placed via the femoral arterial sheath into the aorta, and left just above the level of the aortic valve for aortic root angiography.
An anterolateral minithoracotomy was performed in the 5th intercostal space to expose the left ventricular apex. Following placement of pericardial stay sutures, an epicardial ventricular pacing wire and two apical pursestring sutures with teflon reinforcements are placed. Under fluoroscopic visualization, the left ventricular apex was punctured and a soft guidewire was passed in an antegrade fashion across the stenosed aortic valve, along with a 14 Fr introducer sheath. This allows for a wire exchange and anchoring of a 0.035 in. Amplatz superstiff wire (Boston Scientific, Natick, MA, USA) into the descending aorta. The balloon aortic valvuloplasty was then performed with a standard 20 ml balloon catheter under rapid ventricular pacing. The sheath was then exchanged for a 33 Fr sheath, whereby the loader with the prosthetic valve was connected and deaired. Under careful fluoroscopic guidance, the valve was then positioned within the aortic annulus. Valve implantation was performed during a second period of rapid ventricular pacing. After confirmation of good placement with angiography, the sheath and wire were removed, the apex secured with the purse-string sutures and the chest incision was closed in a routine fashion.
Statistics
Results are expressed in a standard fashion throughout the manuscript. Continuous variables are expressed as mean values AE SD or as median values when appropriate, and categorical variables are expressed as proportions. Comparisons between subgroups were performed using Student's ttest. Survival analysis was performed using the Kaplan-Meier method.
Results
All patients received transapical valve implantation as planned using an anterolateral minithoracotomy. Valve size selection was performed according to three repeat perioperative transesophageal echocardiographic measurements of the aortic annulus. A 23 mm prosthesis was selected in the presence of an annulus diameter 21 mm in 13 patients and a 26 mm prosthesis for annulus diameters of 24 mm in 37 patients, respectively. All patients were treated using an oversizing technique. Perioperative details are listed in Table 3 . The left ventricular apex was closed securely in all patients with no secondary bleeding problems. Echocardiography revealed good valve function postoperatively as well as at follow-up, as demonstrated in Table 4 .
Technically it was possible to implant the valve transapically in all patients. CPB was used in 11 patients by intention; these were the initial seven patients and patient 10, 12, 13 and 23 who were all hemodynamically unstable preoperatively. Secondary CPB was applied in five patients, due to need for conversion to sternotomy in three patients, to support apical suturing in one patient and for temporary reperfusion in another patient, respectively. A total of 34/50 patients (68%) were treated completely offpump.
Early conversion to conventional sternotomy had to be performed in three patients. This was due to proximal valve dislocation at implant in an 85-year-old patient with previous bypass graft surgery (1) , aortic root dissection after selective coronary catheterization for temporary functional right coronary artery compromise in a 77-year-old (1) and coronary occlusion in presence of severe calcification and low coronary ostia (1) in a 83-year-old patient. The latter two patients were successfully managed, discharged from the hospital and have survived within the follow-up period, whereas the first patient mentioned died on postoperative day 125 of complications of comorbid illness.
Early extubation was attempted in all patients. A total of 21 (42%) patients were recovered in the post-anesthetic care unit, with a median extubation time of 82 min, without being admitted to the intensive care unit. Temporary renal replacement therapy was required in seven patients postoperatively, whereby three of these patients had pre-existing renal failure. Fortunately, the remaining four of these patients had full renal recovery. Pacemaker implantation was required in two patients due to complete AV-block postoperatively.
At 30 days postoperatively four patients (8%) had died, all due to non-valve related causes. Follow-up ranges from 6 to 18 months for these patients and is 100% complete. During the follow-up period, another 10 (21.7%) patients died, all demonstrating good valve function at last echocardiographic examination. Causes of death were related to the underlying comorbidities in all those patients, respectively. Overall survival at 30 days, 6 months and 1 year was 92 AE 3.8%, 73.9 AE 6.2%, and 71.4 AE 6.5%, respectively. A Kaplan-Meier survival curve is demonstrated in Fig. 2 .
We performed a subgroup analysis on the initial 25 patients versus the last 25 patients. There were no significant differences in risk profiles between these two subgroups. Mean patient ages were 82 AE 5 and 83 AE 4 years with 17 and 22 patients being female. Preoperative risk evaluation was 27 AE 13% versus 29 AE 11% according to the logistic EuroSCORE and 15 AE 10% versus 16 AE 9% according to the STS score, respectively. Implanted valve sizes were similar in both subgroups. More deaths occurred in the first 25 patients, however, all three sternotomy conversions occurred in the second half of patients. Overall survival at 30 days, 6 months and 1 year were 88 AE 6.5% versus 96 AE 3.9%, 68 AE 9.3% versus 80 AE 8%, and 64 AE 9.6% versus 80 AE 8%, respectively. Survival analysis for the two subgroups is shown in Fig. 3 , the differences did not reach statistical significance.
Discussion
Transcatheter aortic valve implantation is a new technique that has been introduced into clinical practice at a few centers recently. The ultimate goal is to reduce the morbidity and mortality of conventional aortic valve replacement while achieving similar good patient outcomes. Initial clinical studies have been approved for TAP-AVI on high-risk surgical patients [15] . Theoretically such high-risk patients may benefit the most from avoiding partial or complete sternotomy, cardiopulmonary bypass and cardioplegic arrest.
The transapical technique has been developed in order to avoid and overcome some of the transfemoral shortcomings, mostly related to small access femoral vessels as well as a rather long and sometimes cumbersome retrograde implantation technique. Initial development of the transapical approach benefited from transfemoral experiences but has further developed more independently during the past 2 years. Our early results demonstrated proof of concept and have enabled the refinement of our technique to their current iteration [15] .
The results presented in this manuscript represent the world's largest single center series of transapical valve implantation to date. We attribute our good results not only to excellent preoperative planning, careful patient screening, experience and technical expertise, but also importantly to the collaborative efforts of a specialized team of cardiac surgeons, cardiologists and anesthetists who worked closely together to treat these high-risk patients. Patient screening consists of careful evaluation of all inclusion criteria as well as technical aspects, especially aortic annular dimension as measured on transesophageal echocardiography. However, precise risk assessment may be difficult in some patients. In addition, we believe that it was greatly beneficial to perform all implantations in a well-equipped hybrid operative theatre. Full operative capabilities together with optimal imaging including high quality fluoroscopy and transesophageal echocardiography were essential. Most importantly, the presence of full operative capabilities enabled us to perform sternotomy conversions if required and thus save two out of three patients in the long term. Therefore, we firmly recommend performing all future transcatheter valve implantations using a hybrid operative theatre, which provides the team simultaneously with superior imaging and also the necessary tools to achieve optimal patient safety.
Recently published data supports the feasibility of transcatheter valve implantations using both the transfemoral and the transapical implantation techniques [15] [16] [17] [18] . However, transfemoral implantations have reported 30-day mortality rates of 12% with an additional 4-10% of patients suffering new onset strokes [16, 17] . In one study, a combined 30-day mortality and stroke rate of 22% reached the predicted risk for the patients when using the logistic EuroSCORE [17] . In comparison, we were fortunate to have achieved a 30-day survival rate of 92 AE 3.8% for our first 50 patients. Late mortality during follow-up was related to the underlying patient comorbidities, with good prosthetic valve function reported at last echocardiographic assessment. The reduced observed stroke rates with the transapical approach may be attributable to less aortic arch manipulation. Results may change with further experience, however, currently the overall lower stroke risk is a well-accepted advantage of the transapical technique.
When evaluating such outcomes, we recognize that the EuroSCORE may overestimate the surgical risk for patients, particularly for those considered at highest risk. Therefore, continuous risk evaluation should be performed, using the EuroSCORE risk assessment along with other scoring systems. Published results of conventional aortic valve surgery in octogenarians are relatively good in comparison to the new transcatheter techniques [9] [10] [11] [12] [16] [17] [18] . However, these patients may be subject to selection bias with significantly less comorbidities than those patients receiving TAP-AVI. Nonetheless, in presence of relatively good outcomes for low-risk octogenarians with conventional aortic valve surgery, this should remain the standard approach for patients with an acceptable risk profile at present.
Implantation success rates of approximately 90% are currently being reported for transfemoral transcatheter approaches for aortic valve implantation. This is completely different to the transapical approach where all patients planned were treated as presented in the current results, reaching an implant success rate of 100%. This may well be another advantage of the transapical implantation technique.
It is imperative to evaluate these new techniques stringently, however, no randomized studies comparing transfemoral, transapical and conventional aortic valve replacement has been constructed. This is unfortunate because the efficacy of the transfemoral and transapical techniques can only be established by properly designed, well-powered trials. However, other interests may favor different study designs and early commercialization of the products.
Patient selection is critical for the evaluation of all studies on transcatheter valve implantation techniques. Selection bias may be affecting which patients undergo transfemoral and transapical approaches, potentially affecting the results of each technique greatly. Furthermore, some of the patients are deemed as 'inoperable' [16] . In comparison to this we present results of an all comers study performed according to defined inclusion criteria that have been developed after team discussion and have been approved by the ethical committee. This is a study on referred patients only and we do not know potential overall numbers of high-risk patients with severe aortic stenosis. Patient selection will continue to be the most critical determinant of the overall results, especially after further commercialization of transcatheter valves.
A team approach together with team training will be extremely important when recruiting further centers to perform transcatheter aortic valve implantations. As we are still early in the learning curve, co-operation is paramount between all specialties involved in order to anticipate and mitigate potential disastrous complications.
When comparing the initial versus the more recent 25 patients receiving transapical aortic valve implantations we observed an improvement in outcome more recently. This may be due to increasing experience and especially to a more integrated team approach. However, this may also reflect some differences in patient referral patterns and may in fact reverse when even sicker patients are admitted.
Valve durability will most certainly be sufficient for the elderly high-risk populations. There is a long history of using bovine pericardial xenografts in the aortic position and the currently used tissue is treated according to proven standards including modern anticalcification technology. However, in case of valve degeneration the valve in a valve concept will allow for placement of another one inside the initial stent. For the future further improvements in imaging, namely three-dimensional online transesophageal echocardiography and integrated computertomographic images of aortic root dimensions may be helpful for valve positioning. In addition advanced technology will allow for repositions of the devices to further improve valve positioning.
In summary, transapical aortic valve implantation is a truly minimally invasive technique for beating heart off-pump aortic valve implantation. Results of the initial 50 patients at our single center are excellent when considering the overall high-risk profile and the poor natural history with nonsurgical management. Transapical aortic valve implantation is a relatively easy, safe and straightforward direct technique associated with a low stroke risk. Further long-term evaluation of this exciting technique is warranted.
